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Abstract20
At intraseasonal timescales, convection over West Africa is modulated by the Madden Ju-21
lian Oscillation (MJO). In this work we investigate the simulation of such relationship by 1122
state-of-the-art Atmospheric General Circulation Models run with prescribed observed Sea23
Surface Temperatures (SST). In general, the Atmospheric Model Intercomparison Project24
(AMIP) simulations show good skill in capturing the main characteristics of the summer MJO25
as well as its influence on convection and rainfall over West Africa. Most models simulate an26
eastward spatiotemporal propagation of enhanced and suppressed convection similar to the27
observed MJO, although their signal over West Africa is weaker in some models. In addition,28
the ensemble average of models gives a better performance in reproducing the main features29
and timing of the MJO and its impact over West Africa. The influence on rainfall is well cap-30
tured in both Sahel and Guinea regions thereby adequately producing the transition between31
positive and negative rainfall anomalies through the different phases as in the observation.32
Furthermore, the results show that a strong active convection phase is clearly associated with33
a stronger African Easterly Jet (AEJ) but the weak convective phase is associated with a34
much weaker AEJ. Our analysis of the equatorial waves suggests that the main impact over35
West Africa is established by the propagation of low-frequency waves within the MJO and36
Rossby spectral peaks. Results from the simulations confirm that it may be possible to predict37
anomalous convection over West Africa with a time lead of 15-20 day.38
Keywords : Madden Julian Oscillation, summer rainfall, West Africa, AMIP simulations.39
40
1. Introduction41
The madden Julian Oscillation is a tropical disturbance that propagates eastward around42
the tropics from the western Indian Ocean to the western Pacific Ocean with a periodicity of43
around 30-90 days (Madden et al. 1971). This phenomenon was firstly identified by Madden44
and Julian (1971) by analysing zonal wind anomalies data from Canton Island. It is a large45
scale coupling between the atmospheric circulation and the tropical deep convection (Zhang46
2005). Madden and Julian (1994) describe the MJO as the most dominant mode of intrasea-47
sonal variability over the tropical atmosphere. It has been estimated that one-half of tropical48
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intraseasonal variance over the western Pacific is explained by the MJO (Hendon et al. 1999 ;49
Kessler 2001).50
The MJO has a wide range of impacts, affecting precipitation and atmospheric circulation51
around the tropics and subtropics (Yasunari 1979 ; Wheeler and McBride 2005 ; Zhang 2005 ;52
Donald et al. 2006). It also influences tropical cyclone activity in the eastern Pacific and At-53
lantic basins during the Northern Hemisphere summer (Liebmann et al. 1994 ; Maloney and54
Hartmann 2000b ; Ventrice et al. 2011). Furthermore, some studies have also highlighted a55
relationship between the MJO signal and heavy precipitation events over California, South56
Atlantic, Southwest Asia and also East Africa (Higgins et al. 2000 ; Jones et al. 2000 ; Bond57
and Vecchi 2003 ; Carvalho et al. 2004 ; Liebmann et al. 2004a ; Wheeler and Hendon 2004 ;58
Barlow et al. 2005).59
The economy of West African countries is highly dependent on agricultural and water re-60
sources, which makes them highly vulnerable to rainfall variability, especially at intraseasonal61
time scales (Gadgil and Rao 2000 ; Sultan et al. 2005). The occurrence of wet and dry spells62
can significantly modulate the crop yield, which is a function of the repartition of rainfall63
during the season (Janicot and Sultan 2001). At these time scales, there are two main modes64
of variability over West Africa at 10-25 days and 25-60 days (Janicot and Sultan 2001 ; Sultan65
et al. 2003 ; Mounier et Janicot 2004 ; Mounier et al. 2007). Rainfall variability in the 25-6066
day range appears to have a MJO contribution since they share the same range of periodicity.67
Despite some works that suggested a weak or non-existence relation between the MJO and68
anomalous convection over West Africa (Knutson and Weickmann 1987 ; Maloney and Hart-69
mann 2000a), more recent studies point to a 20 days lag between enhanced convection over the70
Indian Ocean associated with the MJO and reduced convection over West Africa (Matthews71
2004 ; Maloney and Shaman 2008 ; Janicot et al. 2009 ; Lavender and Matthews 2009 ; Pohl et72
al. 2009 ; Mohino et al. 2012).73
Despite all the studies performed, the mechanisms through which MJO impacts West Africa74
is not clearly understood. Matthews (2004) and Maloney and Shaman (2008) suggest that75
eastward dry equatorial Kelvin and westward Rossby equatorial waves triggered by MJO ac-76
tivity over the warm pool can explain the impact of the MJO on West Africa. Lavender and77
Matthews (2009) show that locally reduced convection associated with latent heating anoma-78
lies over the warm pool that force dry equatorial westward Rossby and eastward Kelvin waves79
3
reach Africa approximately 20 days later. The studies of Janicot et al. (2009) and Mohino et80
al. (2012) highlight the role of convectively coupled Rossby waves in explaining the overall81
impact of the MJO on convection anomalies over West Africa.82
GCMs still have problems to realistically represent the MJO signal (Slingo et al. 1996 ; Waliser83
et al. 2003 ; Lin et al. 2006 ; Zhang et al. 2006 ; Kim et al. 2009). The spectral analysis in the84
30-70 day periodicity of 200 hPa velocity potential from atmosphere-only GCM simulations85
shows the inability of models to properly simulate the observed spectral peak in the zonal86
wavenumber 1 (Slingo et al. 1996). In addition, Lin et al. (2006) examined Coupled Model87
Intercomparison Project phase 3 (CMIP3) models and found that only two models simulated88
a realistic variance and the main features of the MJO rainfall pattern. From the set of GCM89
models analysed by Kim et al. (2009) only two showed relatively better skill in representing90
the MJO. Recently, Hung et al. (2013) evaluated the MJO and convectively coupled equatorial91
waves using simulations from the Coupled Models Intercomparison Project phase 5 (CMIP5).92
Their results show that the CMIP5 models exhibit an overall improvement with respect to93
CMIP3 in simulating the tropical intraseasonal variability of rainfall with larger MJO variance.94
Crueger et al. (2013) performed a variety of uncoupled (AMIP-style) and coupled simulations95
with different grid resolutions. Their analysis suggests that atmosphere-only experiments show96
less MJO variability than coupled models (typically one-quarter and one-third of the variance97
found in reanalysis, respectively). However, they concluded that the air-sea coupling is not98
the most relevant factor for a good MJO simulation. In fact, Mauritsen et al. (2012) show99
that a robust MJO simulation is mainly related to the ability of a GCM to represent the100
moisture-stratiform instability process, low-level moisture convergence and discharge-recharge101
mechanism. Despite the numerous works devoted to the assessment of MJO simulation in102
coupled and uncoupled models, very few have evaluated the simulation of the MJO impact103
over West Africa. Such an evaluation can help improve our understanding of the mechanisms104
underlying the MJO-West Africa link and are also a first step to know if middle-range dyna-105
mical prediction of dry and wet spells over West Africa is feasible.106
The aim of this paper is to evaluate the simulation of the impact of the MJO on rainfall and107
convection over West Africa and the dynamical mechanism involved in state-of-the-art models.108
For this aim, we use a set of AMIP simulations from models participating in CMIP5.109
110
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2. Data and Methodology111
2.1 Data112
2.1.1 Observational datasets113
Daily interpolated Outgoing Longwave Radiation (OLR) measured from National Oceanic114
and Atmospheric Administration (NOAA) is used as indicator of convection (Liebmann and115
Smith 1996) in the tropical region. It spans the period from mid-1974 to present and it has116
a horizontal resolution of 2.5◦. The daily global rainfall data with a spatial resolution of 1◦117
used in this study comes from GPCP data set and covers the period from 1997 to present118
(Huffman et al. 2001). For zonal winds, we use reanalysis data from ERA-40 (Uppala et al.119
2005) and ERA-Interim (Dee and Uppala 2009) to study the dynamics associated with the120
MJO. The former is used from 2001 to 2008 while the latter is used for the 1979-2000 period.121
All datasets used through the study are interpolated into a grid of 3◦ in longitude and 2◦ in122
latitude for a better comparison among all simulations.123
In this study we focus on the extended summer season which is calculated from 1st May to124
30th September in the period 1979-2008.125
2.1.2 Model simulations126
In this study we use simulations carried out in the framework of the CMIP5 (Taylor et127
al. 2012) project. Among all the simulations, we focus on the AMIP experiment, which were128
performed by Atmosphere General Circulation Models, forced with prescribed SST variations129
in the 1979-present period. The basic purpose of AMIP simulations is to pledge the systematic130
intercomparison and validation of the performance of GCMs on intraseasonal timescale as well131
as to perform some models diagnostic under realistic conditions (Taylor et al. 2012).132
An overview of the models with the ensemble members, convection schemes and horizontal133
resolutions of the simulations is provided in Table 1. The number of ensembles used differs134
from one model to another based on the availability of data. For each model daily outgoing135
longwave radiation and zonal winds at 200 and 850hPa are used to define the MJO index and136
also to study the dynamics related to it. The simulated rainfall is also used to estimate the137
impact of the MJO on West African rainfall variability.138
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2.2 Methodology139
2.2.1 Definition of the MJO cycle in observations140
For this study the MJO cycle is analyzed using an approach similar to the one proposed141
by Wheeler and Hendon (2004). We firstly apply a 20-90 day band-pass filter to extract142
the periodicity related to the MJO signal, while removing as well the annual cycle and the143
interannual variability. Then standardized anomalies of zonal winds and OLR are computed144
and averaged over the tropics between 15◦S-15◦N. A Combined Empirical Orthogonal Function145
(CEOF) analysis (Venegas 2001) is performed on the zonal winds at 850 and 200hPa and146
OLR. The two leading CEOF modes are used to describe the MJO activity and to build147
composite maps that illustrate the progression of the MJO along the equator with a succession148
of enhanced and suppressed convection events. A two-dimensional phase diagram is built with149
the Principal Components (PCs) of the two leading CEOFs. Such phase diagram is further150
divided into eight sectors corresponding to the eight phases with which we describe the MJO151
cycle (Fig. 1d). Each phase of the cycle is estimated as a composite map using all the dates152
that lie in the same sector of the phase diagram. Only those dates in which the MJO index153
exceeds a threshold of one standard deviation are used to build the composite maps. A two-154
tailed t-test is applied to evaluate the statistical significance of the composite maps.155
To estimate the time it takes for the MJO to cover its cycle we first track the MJO evolution156
in the phase space and define an MJO event when at least 4 complete consecutive phases are157
covered by its evolution. We then divide the total number of days taken by that event by the158
number of complete phases crossed and we average over all events in all years and obtain the159
average time it takes for the MJO to cover a phase of its cycle.160
2.2.2 Definition of the MJO cycle in simulations161
For the simulations, the same procedure is followed to obtain the CEOF modes : we apply162
the same 20-90 day band-pass filter and we standardize anomalies and average them in the163
15◦S-15◦N region. The anomalies from those models with ensemble runs are concatenated in164
time before the CEOF analysis. The two leading CEOF modes can also be used to describe165
the simulated MJO cycle (as it is shown in section 3). However, for most models the CEOF166
patterns obtained are shifted with respect to the observations. In Fig. 1, we show an example167
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for the CNRM-CM5 model : the CEOF patterns for the zonal wind at 850hPa of the two168
leading modes shows a structure similar to the one obtained from observations though shifted169
to the west (Figs. 1a, 1b). The model’s results for the CEOF patterns of OLR and zonal170
wind at 200hPa are consistent with this westward shift (not shown). Since the MJO patterns171
propagate eastwards, this means that the CNRM-CM5 CEOF patterns lag the observed ones.172
In order to better compare the CEOF patterns among models and with the observations, we173
shift the modelled ones in longitude towards the observed ones. To choose the best angle for174
the shift, we perform a lead-lag correlation in longitude between the observed CEOF patterns175
and the modelled ones (Fig. 1c). Note that all six CEOF patterns (three variables times two176
CEOF modes) are concatenated together for this calculation. The longitude angle that maxi-177
mizes the correlation is chosen to shift all CEOF patterns (Fig. 1a, 1b, dashed red curve). The178
shift angles differ from one model to another (Fig. 1f).179
As with the observations, the Principal Components of the two leading CEOFs in each model180
are used to build a two-dimensional diagram. However, for those models that show a shift181
between their CEOF patterns and the observed ones, the definition of the MJO cycle based182
on dividing the PC phase space in the same 8 sectors as in observations (Fig. 1d) leads to a183
shift in the modelled MJO cycle with respect to the observed ones. This is expected since those184
dates in the models when PC1 (PC2) are strong, show anomalies mostly related to CEOF1185
(CEOF2) in the models, which are shifted in longitude with respect to observations.186
The composite approach we use for observations assumes an ideal MJO cycle, in which ano-187
malies propagate eastward as the MJO describes a circumference in the phase space travelling188
anticlockwise. In such a model, the MJO anomalies go round the planet (propagate 360◦ east189
in longitude until they return back to the origin) in the time it takes to go 360◦ round the190
phase space. If we suppose a uniform speed for the MJO anomalies to travel the cycle, a shift191
of α in longitude can be directly translated to a shift in α in the phase space. With this in192
mind and in order to better compare the MJO cycle among models and with the observations,193
we divide the phase space for the models into 8 sectors that are shifted with respect to the194
observations with the same angle as the one used to shift the CEOF patterns (Fig. 1e). The195
MJO cycle for each model is then obtained as a composite map using all the dates that lie196
in the given sector. As with the observations, we use the 1 standard deviation threshold for197
the composite map and a two-tailed t-test to estimate its statistical significance. The average198
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time for an MJO event to cover a complete phase of its cycle in the simulations is estimated199
in the same way as in the observations.200
2.2.3 Wavenumber-frequency analysis and filtering201
To investigate the roles of convectively coupled equatorial waves in the impact of the MJO202
on anomalous convection over West Africa, a wavenumber frequency spectral analysis has been203
performed on OLR (Wheeler and Kiladis 1999). This method is mainly used to diagnose the204
MJO (Wang and Schlesinger 1999 ; Wheeler and Kiladis 1999). Such method consists of sepa-205
rating the original OLR field into its symmetric and antisymmetric components with respect206
to the equator. The mean and linear trends of the deseasonalized OLR are removed in time207
and the ends of the series are tapered to zero. Fast Fourier Transforms (FFT) is performed208
first in longitude and then in time to obtain the wavenumber-frequency spectrum for each209
latitude. The OLR power is finally averaged over time segments and further summed over the210
15◦S-15◦N latitude area. Hence, the strength of the different atmospheric waves in a signal can211
be highlighted in a wavenumber-frequency diagram for eastward and westward propagating212
waves (Hayashi 1982). In this work we focus on the symmetric OLR wavenumber-frequency213
spectra to look for convectively coupled equatorial waves.214
Once the main waves are detected, the propagation of each of these waves is further analy-215
sed. We filter a given field taking only the wavenumber-frequency spectral content in certain216
domains corresponding to particular waves. Then, the composite analysis is repeated with217
this filtered field in the same way as explained above. Such approach allows us to show the218
propagation associated to each convectively coupled equatorial waves separately.219
3. Results and Discussions220
3.1 Evolution of summer MJO through AMIP simulations221
3.1.1 CEOF analysis222
The observed and simulated spatial structure of the two leading CEOF modes of OLR and223
zonal winds at 850hPa and 200hPa as a function of longitude is shown in Figure 2. Note that224
for better comparison, the simulated patterns have been shifted in longitude by the angles225
given in Fig.1f. The pattern of the first two CEOFs from the observations represents the main226
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modes of variability over the tropics. These modes explain 22.1% and 15.5% of the total ob-227
served variance of the filtered field during the summer period, respectively (Table 2). The228
explained variance of the first two CEOFs is underestimated by all the models (Table 2). The229
models NorESM1-M, BCC-CSM1-1 and CNRM-CM5 show better performance with values230
ranging from 14.8 to 17.9% for CEOF1 and 13.8 to 14.7% for CEOF2. The CEOF modes from231
the IPSL-CM5A-LR and IPSL-CM5A-MR show the least explained variance with 10.3% and232
10.6% for CEOF1 and 7.4% and 7.8% for CEOF2.233
The observed CEOF1 of OLR shows a pattern characterized by an enhanced convection over234
the maritime continent and a decreased one over central Africa and the East Pacific Ocean,235
while the second one exhibits a minimum of convection over the Indian Ocean. Regarding236
the simulations, there is some disparities in the OLR patterns among the models compared237
with the observations. For CEOF1, models are capable of simulating the observed maximum238
convection over the Maritime Continent, though with a weaker magnitude. However, the si-239
mulation of the maximum of observed OLR (minimum convection) located over the Eastern240
Pacific shows much larger spread in terms of magnitude and location : the MPI-ESM-LR,241
IPSL-CM5A-LR, MPI-ESM-MR models shift this OLR maxima towards the west, whereas242
the NorEM1-M model simulates it more eastward with stronger anomalies. For the OLR243
maximum over Africa, models show a more consistent behaviour among themselves and with244
the observations. Regarding CEOF2, simulations tend to bring out enhanced convection over245
the Pacific Ocean and decreased convection over the Indian Ocean, in agreement with the ob-246
servations. However, this last maximum of OLR is completely missed by the IPSL-CM5A-LR,247
IPSL-CM5A-MR and CNRM-CM models.248
The zonal wind anomalies associated with the first two CEOFs in all models show a structure249
close to the observed one (Figure 2). At low (high) levels the first CEOF component shows250
a maximum (minimum) of zonal wind anomalies over the Indian Ocean while the minimum251
(maximum) is located across the Pacific basin. CEOF2 of zonal wind shows a pattern similar252
to CEOF1 but shifted 60◦ to 120◦ to the east. The BCC-CSM1-1 tends to overestimate wind253
anomalies, whereas the IPSL-CM5A-MR model tends to underestimate them with regards to254
the observations.255
Compared to the observations, models show better performance in simulating zonal wind256
anomalies at low and high levels associated with the first two CEOFs than OLR anomalies.257
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We speculate that such a poor performance and disparity among models in simulating OLR258
anomalies could be related to the different convection schemes used by them (Table 1). Some259
of the most important physical processes as convection and cloud formation are represented260
through parameterisations. Randall et al. (2007) and Guilyardi et al. (2009) show that large261
systematic errors in climate simulations come mainly from the cloud parameterization used262
by the models.263
The two first observed CEOF modes are not independent. Their lead-lag correlation shows264
that CEOF1 leads CEOF2 (Figure 3). In accordance with Wheeler and Hendon (2004) such265
result suggests an eastward propagation of the convection and wind anomalies show in Figure266
2 and can be used to capture the summer MJO. For the observations, the maximum correla-267
tion of 0.75 is obtained at a lag of 9 days. Regarding the simulations, models show a maximum268
of correlation ranging from 0.40 to 0.75 with a time lag of between 7 and 10 days. All models269
agree among themselves and with the observations in the eastward propagation of the convec-270
tion and the wind anomalies shown in Figure 2, because they either show that PC1 leads PC2271
(MPI-ESM-LR, MPI-ESM-MR, MRI-CGCM3, BCC-CSM1-1, BCC-CSM1-1-M and CMCC-272
CM), or that minus PC2 leads PC1 (IPSL-CM5A-LR, IPSL-CM5A-MR, CNRM-CM5 and273
HadGEM2-A models). Such results also suggest that in the models the first two CEOFs are274
capturing the summer MJO and can be use to build the MJO cycle.275
3.1.2 MJO composite cycle276
To further analyse the simulation of intraseasonnal variability associated with the MJO, in277
Figure 4 we show the composites of the deseasonalized OLR anomalies throughout the eight278
phases of the MJO cycle for the observations and the ensemble average of models. For the279
observations, at phase 1 there are negative OLR anomalies centered over the Indian Ocean280
and positive ones over the western Pacific. The negative anomalies strengthen at phase 2 and281
move northward over the Indian Continent and eastward along the equator from phase 3 to 5.282
At phase 6 the anomalous negative OLR dissipates over the maritime continent and extends283
over the Pacific basin. Positive OLR anomalies develop over the Indian Ocean at phase 5284
which brings out the transition from the active to the suppressed convection moving to the285
central and eastern Pacific from phase 6 to 1. The ensemble average of models captures a clear286
eastward propagating signal in phase with the observed one, though with a weaker magnitude.287
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Over the Indian Ocean the models locate the events of strong and weak convection more sou-288
thward with respect to the observations and, although they simulate a northward propagation289
into the Indian continent, it does not penetrate further than north India.290
In addition each of the models taken individually captures reasonably well the observed fea-291
tures of the eastward propagation of the MJO signal (Figure S1 to S6). Some models like292
the IPSL-CM5A-LR, IPSL-CM5A-MR, HadGEM2-A, CNRM-CM5 and CMCC-CM show a293
weak convective signal in terms of the evolution and the amplitude and simulate an eastward294
propagation less coherent with regards to the observations. The northward propagation over295
the Indian Ocean is not clearly highlighted in most of these models and is slower compared to296
the observations.297
The spatial correlation between the observed and modelled tropical (15◦S-15◦N) OLR patterns298
are shown in Figure 5a. The correlations show strong and significant values above 0.4 for most299
of the models (ENS, BCC-CSM1-1, BCC-CSM1-1-M, CNRM-CM5, IPSL-CM5A-LR, MPI-300
ESM-LR, MPI-ESM-MR, MRI-CGCM3 and NorESM1-M). CMCC-CM and IPSL-CM5A-MR301
simulated correlations ranging between 0.2 and 0.4 while it drops bellow 0.2 for HadGEM2-A302
model. Most of those models with higher pattern correlation with respect to the observa-303
tions tend also to be those that show a stronger lead-lag correlation between the Principal304
Components of CEOF1 and CEOF2 (Fig. 5b). The MJO signal in the simulations tends to305
propagate faster than in the observations (it takes them roughly 4.3 to 4.8 days to cover each306
phase compared to the 4.8 days per phase in the observations) except for the MRI-CGCM3307
and IPSL-CM5A-MR models, which show a slower propagation (approximately 4.9 days per308
phase) (Table 2).309
In brief 5 out of the 11 models (NorESM1-M, MRI-CGCM3, BCC-CSM1-1, BCC-CSM1-1-M310
and MPI-ESM-MR) used are in good agreement with the observations in representing the311
main features of the evolution and propagation of the MJO pattern (correlation of the compo-312
sites). A wide spread has also been noticed in the rest of the models which mainly simulated313
a weaker MJO signal with less coherency in the eastward propagation of the signal.314
315
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3.2 Impacts of MJO over West Africa316
Over West Africa, the observations show strong negative OLR anomalies (enhanced convec-317
tion) during phases 1 and 2, and strong positive ones (reduced convection) during phases 4318
and 5 (Fig. 4). In average, the models reproduce the timing of the enhanced convection but319
shift to phases 5 and 6 the main positive OLR anomalies over West Africa (Fig. 4). To analyse320
the performance of individual models, in Fig. 6 we show the OLR composite maps over West321
Africa for all models in phases 1 and 5 as representative of the strong and weak convection322
phases over the region, respectively. Regarding the phasing, models agree with the observa-323
tions with intense negative OLR anomalies during phase 1 and strong positive ones during324
phase 5 (Fig. 6). The main exception is the MRI-CGCM3 model, which shows very weak325
positive anomalies simulated over West Africa and an inconsistent pattern in phase 5 (Fig.326
6). Regarding the pattern, the multi-model mean shows OLR anomalies consistent with the327
observed ones in both phases. However, the individual models show more discrepancies (Fig.328
6) : the main positive and negative anomalies are shown south of 10◦N in the IPSL-CM5A-LR329
and MPI-ESM-MR models. For some models, the magnitude of the OLR anomalies over West330
Africa is underestimated (e.g. IPSL-CM5A-MR, CMCC-CM models).331
The MJO signal also shows an impact on rainfall over West Africa. In Fig. 7, we present the332
spatial distribution of rainfall composites for the observations (top) and the ensemble average333
of the simulations (bottom) during the phases with the strongest and weakest observed MJO334
impact over West African convection (phases 1 and 5, respectively). The impact of the summer335
MJO on rainfall over West Africa is stronger during the strong convective phase of the MJO336
signal (above 2mm/day in some locations) than during the weak convection phase. The maxi-337
mum positive and negative rainfall anomalies during phases 1 and 5 are located over the Gulf338
of Guinea (Fig. 7) and propagate northwards during phase 2 and 5, respectively (not shown).339
The ensemble average underestimates rainfall anomalies in both phases (Fig. 7), which could340
be related to the averaging of model outputs. It shows a higher impact of the MJO in the341
strong convection phase over the continental areas, where there is a high consistency among342
the models in the sign of the anomalies (especially over Nigerian and Cameroon highland343
and over the Northeast of Soudanian zone) (Fig. 7). In the weak convection phase over West344
Africa, models agree among themselves and with the observations showing the main rainfall345
anomalies over the Gulf of Guinea.346
12
To evaluate the timing of the rainfall anomalies simulated over West Africa by the individual347
models, in Figure 8 we present the observed and simulated composites of rainfall averaged348
over West Sahel (20◦W-10◦E and 10◦N-20◦N) and Guinean zone (12◦W-6◦E and 4◦N-7◦N)349
respectively. For the observations, over West Sahel, the phases 1, 2, 3, 7 and 8 are associated350
with wet conditions while drier conditions occur during phases 4, 5 and 6. The transition phase351
of the MJO from negative to positive rainfall anomalies is well marked in the observed rainfall352
composites in both regions though it occurs one phase later over Guinean zone than over the353
West Sahel (between phases 7 to 8 and 6 and 7, respectively). The timing of the MJO impact354
on rainfall is well captured by the models : most of them simulate positive (negative) rainfall355
anomalies over both regions during phases 1 and 2 (5 and 6). While rainfall anomalies over356
Guinea are underestimated by all models, those over the West Sahel are overestimated by the357
CNRM-CM5 and NorESM1-M models.358
The impact of the MJO on the AEJ during the strong and weak convective phases is presented359
in Figure 9. In phase 1 which corresponds to the strong convective phase, the AEJ is extended360
to the east. Such result suggests that the strong active convection is associated with the AEJ361
and its entrance region (Fig. 9). Positive anomalies are observed south of the AEJ and their362
extension are limited over the continent. The exit region of the jet which corresponds to the363
region where negative anomalies of zonal wind at 600hPa appear (30◦W-10◦W)/10◦N-25◦N)364
is seen to coincide with the increased convection off the coast of West Africa (Fig. 6). The365
weak convective phase (phase 5) is characterised by strong negative anomalies south of the366
core of the jet and are mainly located over the ocean. However, weak positive anomalies of367
zonal wind at 600hPa is observed over the exit region during the weak convective phase (Fig.368
6). During the strong convective phase, the ensemble average exhibits positive zonal wind369
anomalies at 600 hPa south of the AEJ core, which extend further into the Atlantic compa-370
red to the observations. Conversely, in the weak convection phase (phase 5) similar though371
opposite anomalies are simulated. Such westerly (easterly) anomalies south of the AEJ rela-372
ted to enhanced (weakened) convection over West Africa are consistent with the results from373
Omotosho and Abiodun (2007), who found that wet (dry) periods are associated with strong374
west to southwesterly (east to northeasterly) wind anomalies south of the AEJ, which could375
transport moisture away from the jet.376
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3.3 Mechanisms through which MJO impacts West Africa377
Results so far presented have shown good evidence for the impact of the MJO on West378
African rainfall variability. Therefore, further investigations are carried out to analyse the379
physical mechanisms through which such impact takes place. Previous studies highlighted380
the roles of equatorial Kelvin and Rossby waves in MJO propagation (e.g. Matthew 2004 and381
Mohino et al. 2012). Roundy and Frank (2004b) have highlighted the importance of westward-382
propagating equatorial Rossby modes interacting with the MJO in accounting for much of the383
intraseasonal convective variability within the tropics.384
To investigate the role of these waves a composite hovmoller diagram of 850 hPa anomalies385
of zonal wind (shaded), OLR (contours in Fig. 10a and Fig. 10c) and SLP (contours in Fig.386
10b and Fig. 10d) averaged over the latitude between 10◦S and 10◦N is presented for the387
observations (Fig. 10a and Fig. 10b) and for the ensemble average (Fig. 10c and 10d). The388
observations show a clear eastward propagation of the OLR anomalies from the Indian Ocean389
to the western Pacific. The negative OLR anomalies (enhanced convection) are preceded by390
easterly winds at 850hPa and followed by westerly ones. The opposite is found for positive391
OLR anomalies (reduced convection). The easterly propagating OLR anomalies weaken around392
160◦E. From that point, the propagation of zonal wind anomalies at 850hPa is increased in393
speed to aproximately 30 m/s, which is more consistent with a dry Kelvin wave (Milliff and394
Madden 1996 ; Wheeler and Kiladis 1999). In addition, beyond 120◦E-150◦E the negative zo-395
nal wind anomalies at 850 hPa are in phase with the negative sea level pressure ones, and396
vice versa, which is also suggestive of a dry Kelvin wave according to Sobel and Kim (2012).397
Thus, our results suggest that the enhanced (reduced) convection anomalies in the western398
Pacific would trigger a dry Kelvin wave that would propagate from these longitudes leading399
the perturbation eastward, consistently with previous works (Roundy 2012 ; Sobel and Kim400
2012). Such dry Kelvin waves reach the South American coast where they seem to promote401
convection anomalies of the opposite sign to those that triggered the dry Kelvin waves in the402
Pacific Warm Pool. The speed of the propagation is reduced, the anomalies of zonal wind at403
850 hPa and SLP weaken and the phasing between both variables changes, suggesting that404
the dry Kelvin wave does not progress further east than 60◦W.405
Compared to the observations, the eastward propagation of the OLR anomalies (contours) is406
well simulated by the ensemble average of the models over the Indian Ocean and the West407
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Pacific, though they show weaker anomalies (Fig. 10c). The ensemble average also shows a408
phasing between anomalies of zonal wind at 850hPa and sea level pressure (contours) from409
120◦E-150◦E to the east, suggesting also the emission of a dry Kelvin wave in the models (fig.410
10d), which would weaken once it arrives over South America. Sea level pressure anomalies are,411
nevertheless, much weaker in the simulation than in the observations, especially over Africa.412
In order to split out the contribution of the different equatorial coupled waves on the overall413
impact a wavenumber frequency spectral analysis is performed. In Figure 11 we highlight the414
spectral peaks by plotting the ratio of the power spectra above the background OLR spec-415
trum (estimated as the OLR power spectrum smothed several times in wavenumber and in416
frequency, see Wheeler and Kiladis 1999 for more details). The observations (Fig. 11a) show417
strong spectral content in the MJO band, at a frequency of around 0.025 cpd (period of ap-418
proximately 40 days) for the range of eastward planetary wavenumber of 1 through to about419
7. The eastward moving Kelvin waves occupy a broad region of the wavenumber-frequency420
regions in the 0.05 to 0.25 cpd band (periods of 4 to 20 days) (Wheeler and Kiladis 1999 ;421
Wheeler et al. 2000 ; Roundy and Frank 2004a) while westward Rossby waves exhibit a strong422
component of westward wavenumbers of 0-5 and a frequency similar to the one of the MJO.423
Additional analysis shows that the ensemble average of models (Fig. 11b) simulates a strong424
signal in the MJO band at frequency around 0.025 cpd for the range of eastward planetary425
wavenumber of 1 through to about 7. Nevertheless, it shows that the model’s ensemble average426
simulates a very weak peak in the Kelvin wavenumber frequency zone compared to the ob-427
servations. The spectral peak simulated by the ensemble mean in the region of Rossby waves428
is stronger than the observed one. The same analysis is performed also for each individual429
model and they mostly show a pattern similar to the observed one for MJO and Rossby com-430
ponents. However, only the BCC-CSM1-1 and BCC-CSM1-1-M models show a clear spectral431
component in the region corresponding to the convectively coupled Kelvin waves (Figure S7-432
S12).433
To further analyse the skill of each model in representing the symmetric component of the434
different equatorially trapped waves we present in Figure 12a the ratio of the power spectra435
to the background power spectrum intensity averaged over the two different boxes (red and436
black boxes presented in Figure 11) that represent the eastward and westward propagating437
convectively coupled waves. The ensemble mean is calculated by averaging over the different438
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models taken individually. The observations show the maximum OLR power contribution in439
the eastward propagating (MJO) box, followed by the westward propagating (Rossby) com-440
ponent. Models tend to underestimate the power spectrum corresponding to the eastward441
component peaks and overestimate the one in the westward box. In our sample of 11 models,442
only three (NorESM1-M, BCC-CSM1-1 and BCC-CSM1-1-M) show an average of OLR po-443
wer in the eastward box above 1.4 times the background spectrum (the approximate content444
shown by the observations). In addition, and conversely to the observed behaviour (the same445
westward and eastward boxes), the models show an average spectrum in the westward box446
above the one in the eastward box, except for the BCC-CSM1-1 model.447
In order to separate the role played by the different propagating waves in the convection signal448
obtained over West Africa we repeat the composite procedure with OLR fields that are pre-449
viously filtered for the westward and eastward regions (defined in Fig. 11) of the wavenumber-450
frequency spectral content. We leave out the convectively Kelvin wave component from this451
analysis because our definition of the MJO signal, which is based on fields filtered in the 20452
to 90 day band (0.011 to 0.05 cpd), is effectively filtering out those waves with a frequency453
higher than 0.05 cpd (periods lower than 20 days). This methodology can then only separate454
the westward propagating component, which we have identified as the convectively coupled455
Rossby wave, and the eastward propagating component, which we have identified with the456
MJO. We can not rule out that some convectively coupled Kelvin waves with very low fre-457
quencies (lower than 0.05 cpd) and equivalent depths from 8 to 90 m could be included in the458
eastward propagating signature.459
In addition, we represent in figure 12b the correlation between the composite of unfiltered460
and filtered OLR fields taking into account the entire tropics between 15◦S-15◦N and all eight461
phases of MJO. In the observations, the main contribution to the MJO tropical signal shown in462
Fig.4a comes from the eastward propagating signal or MJO (correlation between the original463
composite and the one obtained when filtering in the MJO area of the wavenumber-frequency464
spectral content is 0.78). However, there is also a contribution from the westward propagating465
signal we have termed convectively coupled Rossby waves (correlation of 0.40) and both toge-466
ther explain a higher percentage of the tropical convection signal (correlation of 0.85). In the467
models, the spacial correlation between the overall signal and the one coming from the east-468
ward propagating part tend be lower than for the observations, ranging from 0.47 to 0.78 (Fig.469
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12b). Such correlation tends to be higher for those models with a stronger spectral peak in the470
MJO region (Fig. 12d). In addition, the higher the dominance of the eastward propagating471
signal in the modelled composite, the likelier a better resemblance of the simulated tropical472
signal with the observed composite (Fig. 12c). The correlation between the overall signal and473
the part coming from the westward propagating signal tends to be higher in the models than474
in the observations, with 7 models out of 11 (IPSL-CM5A-LR, IPSL-CM5A-MR, MPI-ESM-475
MR, HadGEM2-A, CNRM-CM5, IPSL-CM5A-MR and MPI-ESM-LR) showing a correlation476
higher than 0.40. In most models the overall MJO signal is dominated by the eastward propa-477
gating component, as in the observations (Fig. 12a). When the OLR fields are filtered using478
both the eastward and westward propagating components of the spectra, the correlations are479
higher than when using only one of both components (Fig. 12a). These results suggest that480
the westward equatorial Rossby waves are relevant to explain the overall impact of the MJO481
over West Africa, in accordance with previous studies (Roundy et al. 2004b ; Mohino et al.482
2012).483
484
4. Conclusions485
This research study was conducted using a set of simulations from AMIP experiments to486
investigate the relationship between MJO and the West African monsoon during the boreal487
summer and also to assess the performance of the models in simulating such link. The study488
evaluated the impact of the MJO on convection and rainfall in the region and investigated the489
dynamical processes involved.490
Our results show that the AMIP-type simulations from the 11 models we have analysed are491
able to simulate an eastward propagating signal in the tropics linking a barotropic wavenum-492
ber 1 structure in zonal winds with anomalies in convection. Such structure can account for493
a relevant part of the models intraseasonal variability (between 17.7 % to 32.6 %, depending494
on the model) in the 20-90 day band, which is in all cases smaller than for the observations495
(37.6%). We have identified such structure with the MJO and we have further research into496
its signature in convection in the tropics with a special focus on West Africa. The speed of497
propagation of such MJO in the models (from 36 to 39 days to complete a whole cycle) is498
close to the observed one (38.4 days to complete a cycle).499
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Regarding its impacts over West Africa, we have shown that, in accordance with the ob-500
servations, the models tend to show two distinct phases with strong and weak convection,501
respectively, which are, in turn, connected to positive and negative rainfall anomalies, espe-502
cially over the Gulf of Guinea, suggesting that the MJO can impact West African rainfall503
intraseasonal variability during the summer period. In general, the pattern of impact of the504
MJO signal on convection over West Africa is simulated by most of the models. However,505
the big challenge is the large variability of rainfall over West Africa. The MJO-West Africa506
relationship is further confirmed by the link between the MJO disturbances and the AEJ507
anomalies, particularly over the coastal regions.508
The present study also found that the observed time lag between the positive/negative convec-509
tion anomalies over the Indian Ocean and West Africa is about 15-20 days. That time lag510
correlation is well simulated by some models (NorESM1-M, MPI-ESM-MR, BCC-CSM1-1,511
IPSL-ESM-LR and CNRM-CM5) while others show longer values ranging from 20 to 25 days.512
Regarding the mechanisms, our study suggests that the main impact of the MJO over West513
Africa is due to the eastward propagating part of the signal. Most of the tropical convection514
pattern can be obtained with just this component. However, we have also shown that the515
westward equatorial Rossby waves play a relevant role both in models and in the observations516
in the overall impact on convection over West Africa, in agreement with the work of Mohino517
et al. (2012). The simulations also show that the contrast between the Indian Ocean and West518
Africa in terms of the anomalous convection might be used as a potential predictor since the519
results show a time lag of about 15-20 and/or 20-25 days between the two regions. The AMIP520
simulations suggest then a potential to predict occurrences of wet and dry sequences over West521
Africa if the MJO can be realistically predicted (Waliser et al. 1999 ; Jones et al., 2004b).522
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Table 2 – Explained variance of the first two CEOFs of filtered data and the inverse of phase
speed of the MJO cycle from the observations and simulations.
Models CEOF1 (%) CEOF2 (%) Inverse of Phase Speed (days per phase)
NOAA/ERA-40/ERA-Interim 22.1 15.5 4.8
BCC-CSM1-1 17.9 14.7 4.7
BCC-CSM1-1-M 15.0 12.6 4.3
CMCC-CM 12.6 10.5 4.5
CNRM-CM5 14.8 14.2 4.8
HadGEM2-A 11.5 9.0 4.7
IPSL-CM5A-LR 10.3 7.4 4.6
IPSL-CM5A-MR 10.6 7.8 4.9
MPI-ESM-LR 12.7 10.3 4.8
MPI-ESM-MR 13.2 10.9 4.6
MRI-CGCM3 15.7 12.2 4.9
NorESM1-M 17.3 13.8 4.3
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Figure 1 – Zonal wind anomalies at 850hPa (m/s per standard deviation of the PC) corres-
ponding to the first (a) and second (b) CEOF modes for the observations (solid black line)
and CNRM-CM5 simulation (solid red line). The red dashed line shows the modelled pattern
shifted by 72◦ in longitude. c) Lead-lag correlation in longitude between the six CEOF pat-
terns (three variables times two CEOF modes) for the observations and CNRM-CM5 model.
The maximum correlation obtained at 72◦ east is highlighted in grey. d) The eight sectors in
which the PC1-PC2 observed phase space is divided in order to build the composite maps.
The circle shows the one standard deviation threshold used for the composite analysis. e) The
eight sectors in which the PC1-PC2 phase space from the CNRM-CM5 model is divided in
order to build the composite maps. The circle shows the one standard deviation threshold
used for the composite analysis. f) Angles used to shift the CEOF patterns and the phase
space for each model (see details in the text).
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Figure 4 – Summer composites of deseasonalized anomalies of OLR according to the eight
phases associated with the MJO, from observations (left) and the ensemble average of AMIP
simulations (right). The units are W/m2. The grey contours represent the 95% significant
regions obtained from a two-tailed t-test.
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Figure 5 – a- Correlations of summer composites of deseasonalized OLR anomalies between
the observations and AMIP simulations in the tropics (15◦S-15◦N). b- Scatterplot between
the maximum lead lag correlation of the first two principal Components (PC1 and PC2) and
the correlation coefficients between the observations and each of AMIP’s models in the tropics
presented in plot a). The red line in b) delimits the observed maximum lead lag correlation
value. For convenience numbers are associated to the different models used through this study
(see table 1).
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Figure 6 – Summer composites of observed deseasonalized anomalies of OLR (W/m2) over
West Africa during the strong (1) and weak (5) convective phases of MJO from the observa-
tions, individual AMIP simulations and the ensemble average of models. Red lines represent
the 95% significant regions obtained from a two-tailed t-test.
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Figure 7 – Composites of rainfall anomalies (mm/day) during the MJO strong (a and c) and
weak (b and d) convective phases over West Africa for the observations (a and b) and the
ensemble average (c and d) of the models. The crosses mark the areas where at least eight (8)
out of 11 models are consistent on the sign of the composite. Grey contours represent the area
where rainfall anomalies are 95% significant according to a two-tailed t-test.
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Figure 8 – Composites of observed and simulated deseasonnalized rainfall (mm/day) ano-
malies averaged over the Sahel (20◦W-10◦E and 10◦N-20◦N) and Guinean Coast (12◦W-6◦E
and 4◦N-7◦N) boxes for each phase in the observations, models and the ensemble average.
The composites are averaged over the different boxes according to the different eight phases
of MJO.
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Figure 9 – Composites of zonal wind anomalies (m/s) at 600hPa (shaded) during the strong
(a and c) and weak (b and d) convective phases of MJO from the observations (a and b) and
the ensemble average of models (c and d) over West Africa. The green contour lines represent
the climatological zonal wind at 600hPa. The crosses mark the areas where at least eight (8)
out of 11 models are consistent on the sign of the composite. Grey contours represent the area
where the zonal wind anomalies at 600hPa are 95% significant according to a two-tailed t-test.
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Figure 10 – Hovmoller diagram performed over the composite of deseasonalized anomalies
averaged between 10◦S and 10◦N of zonal wind at 850hPa (m/s), OLR (W/m2) and SLP
(hPa) for observation (Fig. 10a and Fig. 10b) and simulations (Fig. 10c and Fig. 10d). Wind
anomalies are shaded. The black solid contours represent the negative anomalous values of
OLR (SLP) while the red solid contours highlight the positive ones in Fig. 10a and Fig. 10c
(Fig. 10b and Fig. 10d). The grey lines represent the contour zero for OLR (Fig. 10a and Fig.
10c) and SLP (Fig. 10b and Fig. 10d). The OLR values vary from -16 to 16W/m2 while SLP’s
contours are ranging from -1 to 1hPa. The intervals between lines is 4 W/m2 for OLR values
and 0.2hPa for SLP’s values.
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Figure 11 – Wavenumber frequency spectral analysis of OLR data from the observations (a)
and the ensemble average of models (b). The eastward part of the signal (MJO) is extracted
from 0 to 9 (see black box) of the periods of roughly 30-90 days and the westward part
(corresponding to the Rossby waves) is extracted from -10 to 1 (see red box). The units are
the ratio of the power spectra above the background OLR spectrum obtained after smoothing
several times in wavenumber and in frequency.
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Figure 12 – a) Observed and simulated spectrum intensity above the background averaged
over the different equatorial waves boxes (eastward and westward component) defined in figure
11. b) Spatial correlation in the tropics between MJO composites of unfiltered OLR and filtered
OLR fields using the eastward and westward boxes defined in figure 11. c) Scatterplot between
the correlation coefficients between the observations and each of AMIP’s models in the tropics
and the composites of deseasonalized OLR filtered over MJO’s wavenumber-frequency box.
The brown line in c delimits the observed value of the composites of deseasonalized OLR
filtered over MJO’s wavenumber-frequency box. d) Scatterplot between the strength of MJO
and the composites of deseasonalized OLR filtered over MJO’s wavenumber-frequency box.
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Figure S1 : Summer composites of deseasonalized anomalies of OLR according to the eight
phases of MJO for BCC-CSM1-1 (left) and BCC-CSM1-1-M (right) models. The units are
W/m2. The grey contours represent 95% significant regions obtained from a two-tailed t-test.
44
Figure S2 : Same as Fig. S1 for CMCC-CM (left) and CNRM-CM5 (right) models.
45
Figure S3 : Same as Fig. S1 for HadGEM2-A (left) and IPSL-CM5A-LR (right) models.
46
Figure S4 : Same as Fig. S1 for IPSL-CM5A-MR (left) and MPI-ESM-LR (right) models.
47
Figure S5 : Same as Fig. S1 for MPI-ESM-MR (left) and MRI-CGCM3 (right) models.
48
Figure S6 : Same as Fig. S1 for NorESM1-M model.
49
Figure S7 : Wavenumber frequency spectral analysis of OLR data for BCC-CSM1-1 (left) and
BCC-CSM1-1-M (right) models. The eastward part of the signal (MJO) is extracted from 0 to
9 (see black box) of the periods of roughly 30-90 days and the westward part (corresponding
to the Rossby waves) is extracted from -10 to 1 (see red box). The units are the ratio of the
power spectra above the background OLR spectrum obtained after smoothing several times
in wavenumber and in frequency.
50
Figure S8 : Same as Fig. S7 for CMCC-CM (left) and CNRM-CM5 (right) models.
51
Figure S9 : Same as Fig. S7 for HadGEM2-A (left) and IPSL-CM5A-LR (right) models.
52
Figure S10 : Same as Fig. S7 for IPSL-CM5A-MR (left) and MPI-ESM-LR (right) models.
53
Figure S11 : Same as Fig. S7 for MPI-ESM-MR (left) and MRI-CGCM3 (right) models.
54
Figure S12 : Same as Fig. S7 for NorESM1-M model.
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